Spatially periodic structures with a long range period, referred to as moiré pattern, can be obtained in van der Waals bilayers in the presence of a small stacking angle or of lattice mismatch between the monolayers. Theoretical predictions suggest that the resulting spatially periodic variation of the band structure modifies the optical properties of both intra and interlayer excitons of transition metal dichalcogenides heterostructures. Here, we report on the impact of the moiré pattern formed in a and absorption spectra. The observed energy difference between the split peaks is fully consistent with theoretical predictions.
moiré pattern is formed. [35] [36] [37] [38] [39] [40] The resulting in-plane superlattice potential has a tremendous impact on the electronic properties of the van der Waals heterostructures, opening up new directions for material engineering, which relies on the relative orientation of the constituting layers. The physics related to the moiré pattern has been studied in hBN/graphene heterostructures, where the induced periodic potential leads to the formation of new Dirac cones, opening of a band gap, and the appearance of Hofstadter butterfly states. 37, 38, [41] [42] [43] The moiré pattern formed in TMD heterostructures is also expected to have a large influence on their properties. 39, 40, 44, 45 According to theoretical predications, the moiré pattern should result in a periodically modulated potential with minima for both intra 39, 45 and interlayer 39, 44 excitons, thus forming an array of quantum dots. Moreover, spatially varying selection rules for interlayer excitons can result in an emission with helicity opposite with respect to that of the excitation laser. 39, 44 Finally, the variation of the confinement potential for different atomic registries should lead to an energy splitting of both the intra 45 and interlayer transitions. 39 , 44 The formation of a moiré pattern and the related periodic potential fluctuations have been confirmed recently using scanning tunneling microscopy. 40, 46 However, direct experimental evidence of the influence of the moiré pattern on the optical properties of TMD heterostructures has remained elusive so far. The only indirect indication is related to the observation of counter polarized emission of the interlayer exciton. [31] [32] [33] 47 In this work, we show how the observed splitting of the intralayer exciton and trion in a monolayer MoSe 2 assembled in a heterostructure with MoS 2 and encapsulated in hBN is a direct consequence of the moiré pattern formed between MoSe 2 and MoS 2 . The high quality of our heterostructure (typical full width at half maximum of the exciton and trion photoluminescence, PL, peaks ∼ 5 meV) allows us to reveal the splitting of the trion and exciton lines both in PL and reflectivity spectra. The structure of the intralayer exciton transitions can be observed consistently over the whole area where the two materials overlap, while we observed no splitting out of the heterostructure area. The energy splitting of the peaks and their temperature dependence are in agreement with the expected influence of 3 the moiré potential on the intralayer exciton species. Our results provide a clear optical fingerprint of the effect of the moiré potential on intralayer excitons of a monolayer TMD.
We show a micrograph of the fabricated heterostructure in Fig. 1 representative, broad range PL spectrum of our heterostructure at T = 5 K is presented in Fig. 1(b) . The peaks at 1.615 eV and 1.644 eV arise from the radiative recombination of the intralayer trion and exciton of MoSe 2 , respectively. The weaker PL peaks centered at 1.94 eV and 1.87 eV are assigned to the recombination of neutral excitons and to excitonic complexes bound to defects in MoS 2 , 5,48 respectively. The low energy peak at 1.37 eV stems from the interlayer exciton emission, formed due to the spatial separation of charge carriers in a type II heterostructure, as schematically shown in the inset of Fig. 1(b) . 31, 32 In this work, we focus on the properties of intralayer excitons. PL intensity maps of intralayer MoS 2 and MoSe 2 are presented in Fig. 1(c,d) , respectively. The MoSe 2 PL intensity of Fig. 1(d) is suppressed in the heterostructure area, due to the interlayer charge transfer. 49, 50 The strongly modified optical properties in the heterostructure area are an indication of a good coupling between the layers, characteristic for 0 • stacking angle.
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On a fully hBN-encaspulated MoSe 2 monolayer, the PL spectrum consists of two peaks, attributed to charged and neutral exciton (see Fig. 2(a) ). In contrast, the MoSe 2 exciton and trion PL from the heterostructure region reveals a double peak structure, as shown in Fig. 2(b) . We label these features X L (T L ) and X H (T H ), to refer to higher and lower energy transition of the exciton (trion). A similar double structure is also observed for the MoS 2 related to different atomic registries. 39 The period of the moiré pattern is in the range of a few to tens of nanometers (see Supporting Information for a discussion specific to our heterostructure). Therefore, the spatial resolution of our far field optical measurements is not sufficient to resolve the spatial variation of the emission energy of excitons located at different potential minima. Nevertheless, the emission from different optically active minima of the moiré pattern can be spectrally resolved in our high quality sample. The double structure of the exciton and trion peaks is consistently observed only in the heterostructure, while it is completely absent in monolayer regions. This is summarized in Fig. 2 highlighted by the vertical lines in Fig. 2(a,b) . This is in agreement with the prediction that the exciton states related to the moiré pattern should appear as peaks on the high energy side of the main PL peaks. 39, 45 This observation, along with the fact that the double peak structure appears over a vast area in the heterostructure and not only at its edges, 15 allows us to rule out the variation of the dielectric screening related to the presence of the MoS 2 monolayer as the origin of the observed doublet structure. Since the dielectric constant of MoS 2 is higher than that of hBN, 52 a dielectric screening effect would lead to the appearance of lower energy peaks when the excitation is performed on the heterostructure. 15 We also exclude a strain-related origin of the new peak by noting that the red shift of the A 1g In Fig. 3 , we summarize the temperature dependence of the MoSe 2 PL measured on the heterostructure. As for all Mo-based TMDs, we observe a decrease of the PL intensity with increasing temperature. 56 We notice in particular a faster decrease of the intensity of the trion PL, which can be no longer resolved at temperatures larger than ∼ 100 K, 48 consistent with the smaller binding energy of this complex as compared to the exciton. Concerning the states split by the moiré potential, the intensity of the high energy peaks X H and T H decreases more rapidly than that of the low energy peaks. For temperatures higher than ∼ 90 K, corresponding to a thermal energy of ∼ 7.7 meV, the X H and T H features are no longer resolved. This is illustrated in the inset of 
57
We investigated the valley polarization properties of the intralayer MoSe 2 excitons by exciting the PL with circularly polarized light and detecting the co-polarized and crosspolarized circular polarization PL components. We show the PL spectra of the isolated monolayer and of the monolayer comprised in a heterostructure in Fig. 4(a,b) . The degree of circular polarization P c of the PL, P c = (I co −I cross )/(I co +I cross ), is always positive (see green bars in Fig. 4 ). The degree of circular polarization is very similar for the heterostructure and monolayer regions and amounts to about 10% and 13% for the trion and the exciton, respectively. There is no significant difference between the polarization of high and low energy transitions in heterostructure. This suggests that, consistent with theoretical predictions, Finally, we investigate the dynamics of the trion and exciton in MoSe 2 . The spectrally resolved temporal evolution of the PL measured in the heterostructure area is shown in Fig. 4(c) . Similar data acquired on an isolated MoSe 2 monolayer is shown in the Supporting Information. In the streak image of Fig. 4(c) , the four PL peaks are well resolved, with the dynamics of the excitonic transition being significantly faster than those of the trions. To obtain more quantitative information, we extract the decay curves corresponding to MoSe 2 trion and exciton transitions in monolayer and heterostructure regions in Fig. 4(d,e) , respectively. PL decays of all trion and exciton species can be fitted well using a single exponential, convoluted with a Gaussian curve to account for the instrument response function of the system. From this fitting, we extract the PL life times. There are no significant differences between PL decay times in the monolayer and heterostructure areas or between
For the exciton transitions, the PL decay time is ∼ 14 ps, while for the trion it is ∼ 70 ps. We notice, however, that the PL decay time of the exciton is close to the resolution of our system, therefore the dynamics of the two exciton states might be slightly different. The faster decay of the high energy trion is consistent with the observation on the dynamics of high energy interlayer exciton states in a moiré potential, where this behaviour has been attributed to the possible relaxation of high energy states to the low energy states.
The overall similar decay times of the high and low energy transitions suggest that the moiré potential does not affect significantly the oscillator strength of the transitions. This can be understood as a result of the slow spatial variation of moiré potential (a few to tens of nm, depending on the stacking angle and the lattice mismatch of the heterobilayer) compared to the exciton size in TMD monolayers (∼ 1 nm). 9,61 Therefore, the wave function of intralayer excitons is not significantly affected by the confinement induced by the moiré pattern. Interestingly, despite a clear drop of the PL intensity in the heterostructure area (Fig. 1) , the decay times of the trion and exciton PL are very similar to those observed in monolayer regions. This indicates that the charge transfer between the layers occurs im-mediately after excitation and is effective only for hot carriers, in agreement with previous pump probe measurements. 49 The observed PL is related to thermalized excitons and the unchanged decay times show that they are not affected by the interlayer transfer. This might be the result of the weak localization potential induced by the moiré pattern. A larger intensity of the interlayer exciton PL has been observed in MoSe 2 /MoS 2 heterostructures 31 with increasing temperature. This is probably the hallmark of the thermal activation of excitons from shallow traps, represented by the moiré potential, followed by interlayer transfer.
However, further studies are needed to clarify this aspect, notably to distinguish it from a possible indirect character in k-space of the interlayer transitions. and MoSe 2 were aligned with accuracy better than 0.5
• during the transfer.
Optical spectroscopy. For optical measurements, the sample was mounted on the cold finger of a helium flow cryostat with a quartz optical window. Unless stated otherwise, all measurements have been performed at T = 5 K. Time resolved PL measurements were performed using a CW frequency doubled solid state laser emitting at 532 nm. The circularly polarization resolved PL was excited with the frequency-doubled output of an optical parametric oscillator (OPO), synchronously pumped by a mode-locked Ti:sapphire laser and tuned to 600 nm. The temporal pulse width is typically 300 fs, with a repetition rate of 80 MHz. The instrument response function of the system, shown in Fig. 4(d) , has a half width at half maximum of 6 ps. The excitation laser beam was focused on the sample using a 50× microscope objective with a numerical aperture of 0.55, giving a spot size of approximately 1 µm diameter. The excitation power used for time-integrated measurements was 20 µW. The emitted PL was collected through the same objective and directed to a spectrometer equipped with a liquid nitrogen cooled charge-coupled device (CCD) camera.
For time-resolved measurements, the excitation was provided by the OPO tuned to 530 nm, using an average power of 100 µW. The collected signal was spectrally dispersed using a monochromator and detected using a streak camera. Second harmonic measurements were performed in a similar setup. The Ti:sapphire laser was used as the excitation source. The laser light was polarized via a broadband polarizer and a halfwave plate was used to control the direction of the linear polarization of the fundamental wave. The laser was focused onto the sample using the same 50× microscope objective used for PL measurements. 
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